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Abstract 

We study a simple extension of Linde’s hybrid inflation model, with the 

inflaton mass term replaced by the most general renormalizable potential 

for 9. The unprocessed power spectrum of density perturbations can have 

two minima and one maximum, roughly corresponding to two steep regions 

separated by a somewhat flat region in V(4). In the examples studied here, 

sufficient amount of inflation and normalization to COBE require a vacuum 

scale of 10IG Ge\’ and a 4 mass of 1013 GeV. Depending on the initial value 

of o. our model can give either less (k n < 1) or more (w 11 > 1) power 

a11 small scales compared to the scale-invariant spectrum (11 = l), given the 

normalization to COBE. 
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I. Introduction 

Inflation has rcnlainctl tllc most attractive solution to the problems of the standard 

c’osiiiolog~. ~vllicli arc t lie sinoot liiiess l~rol~leiii. the flatness lwol>lein. and t lie formation 

of structure l~rol~lcii~. Vl) to date. there has hen 110 tlefillitive model of inflation \vhicll 

sol\-es all t lie old prol~lellls \vitliout creating nc\v ones. The search for more appcalillg 

models of inflat ioll collt inucs. 

Recent lx. Little l~rol~oscd **llylxid inflation” [ 11. Tllc effect i\*e potent ial of this wodcl 

is given 11) 

1 -(a*O) = $(*,(’ _ X(g)‘- + !g 0’) + ; &‘l. 
/ (1.1) 

This model looks ,lil;c a lq-hit1 of chaotic inflation with an inflator (0) class tern1 and 

the usual theory with spontaneous symmetry breakillg with a Higgs ficltl u. Inflatioll 

~~suall~~ eiitls 1)~ the fhl stage rapid rolling of the slow-rolling iiiflatoii ficlcl 0. or I>!- a 

first order lhse transition. The inlportant difference lxtween the lnodel of Eq.( 1 .l ) aud 

other tlworics of this t>pz (21 [3] [4] :: is iii hybrid inflation, iiiflatioii ends with the ver> 

rai)id rolling of the s~4nr ficltl CJ. m.llicll is triggered I>>* the inflatoll field o. The Higgs 

fkltl (T mains a ph~~sical tlcgrw of frectloln after t11c Higgs effect ill an underlying gauge 

theory with slmitniicolls syiniiictry I>lT~~liillg: hence it acquires positive 1xlues oiil?.. which 

~‘ciiioves the possil,ilitJ. of domain wall formation in this theory. 

Hylxid inflation is very elegant and simple. It gives the appropriate amplitude of 

tlensit!~ perturhtiolls with rc;~sonal~lc~ paralnetc~r choices. HOUXYU. the ra\v po~~w spw- 

t iuin has a iiiiliiiiiuiii 011 ii llsu;~llJ- liirgc scalcb. \vliicli Incans that tllclx~ is 1iliCly less ponx~i- 

011 tlie large scalc3 rclc\xiit to olmwxtioii. Tllcrc 11~s al\va\.s lx~~ll a lot of interest ill 

01,tainiiig pen-cr slwctr:t lvitll iilore Imvcr oil large smlcs [5]. 11-c arc iiitcrcstctl ill fillding 

a iiiodel of li)*l,rid iiiflwtioil ~vlk4i gi\*cs a iiiorc coiiiplcs lxliavior of tlw ponw spectrum. 

with snfficiciit lvx~~~~ 011 largct swlcs. 
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In tlie spirit of siniplicity. \vc consider the following cffec.ti\*c potential: 

\-((7.0) = $u - ,\a’)’ + f()(o) + ; 02& 
/ 

If-ilClI? 

(1.2) 

J)(o) = .404/4 + Bd”/3 + Cd’/‘Z. (1.3) 

,t;(o) is the most geiicral rcnorndizal~le potential for 0 \vitli f”(O) = 0. Sate that 

C - w’, > 0 for a positive 0 inass term. Hodges et al. studied this potential in the 

contest of the usual slo!v-roll iiiflation (G]. where they lOOlid for sets of parameters that 

call strongly 1IlTali t lit scale invariance and give a valley in t lie usual Zel’clovicli spect run1. 

In this IYOrk \sc stud!. the l~otcntial in more &tails within the contest of hybrid iiiflatioll. 

alit1 normalize the lmn-cr slwctrum using the COBE D1IR results IT]. 

II. General properties of the inflaton potential 

Consider the cffcctive potcnt.ial b’(a, Q) of Eq.( 1.2). The effective mass of the 0 field is 

17,; = 
#I -( 0.0) 

I37 
= 3x0’ + ($02 - .\I’). (2.1) 

For G > o, - .\I/ 9. 0 = 0 is the only ininiiiiuni of the effective potential iii the c 

tliiw~tioii. 

111 liyhid iliflation, w are interested in potentials which have a inucli greater curva- 

twc ilt the 0 direction tllan ill the o tlirectiol: [l]. For sufficient I!. large o. this implies 

e-1 < T/‘/3. \\-I !c’: t!lic mbll(litioll is si+ti5ifif~~l. bitts IT f;: :il p!lls ClO\;~il to m = r) hiti;tll\-. n.lkile 

the 0 field cali rcinain large for a much loilgc~ time. 

D&IN, a tlinlc~llsiolllcss ~wialAc\ 

0 
j/I-. 

00 
(2.2) 



I\-here o. is a constant ivitll the dimcusion of nlass. The potcutial of the o field can be 

mitten as: 

l-(0.0) = q1 + bf(y)], 

f(y) = g+;g3+p. (2.3) 

wit 11 

\+g. 

Boo az- 
c * 

J)= co; Ill ‘0; -=- 
- 1; 1; 

,J+ 

Sate that f’(g) = y[l + ay + :3y’], f”(y) = 1 + 2ay + 339’. The roots of f’(y) = 0 are 

9 = 0. !/* = & [-a f @q . (2.4) 

( .f”(YJ = 7 [&Gq). 

y =I 0 is always a niiiliiiiuii~ of *f(g). If a’ < 40, y = 0 is the only estreinum of f(y). If 

Cl’-) = 4.3. lJt = g- = -2/n is the iuflectioii point of f(g). If 0’ > 43, there are thee 

cases: (i) .3 < 0, y+ < 0. g- > 0, y* are xnasima of f(y). y ( i.e. 0) has to tunnel to 

reach its vacuun1 if g > y- initiall>v: (ii) 3 > 0 and a > 0, g- < y+ < 0, y- is a second 

vacuuin aiicl g+ is the niaxiinuiii of f(g), there are no estremuni for y > 0: (iii) 3 > 0 

aud a < 0, y, > g- > 0. g+ is the false vacuum if a2 < 9,3/2. y = y, and y = 0 are 

degenerate vacua if ~1’ = 9.3/2.-otherwise g+ is the true vacuum and a positive constant 

terni must lx added to .f(g) to yield zero cosinological constant. 

It is dcsirablc that \ve dcniaud 0 = 0 is the onI!* cstremum (tllc global iniiiinilw~) 

of the 0 potential 1 -(O.o). which is the property of the orighal h~*hicl iuflatiou model. 

This allolvs us to a\*oicl colnplicatious (such as a false vacuum) not of interest to us here. 

Hence \ve waut either u’-, < 4.3. or .3 > 0 and a > 0. 

The estrema of .f’( y) rougllly correspond to the cstrema of tllc poncr spcctruIn. 

altllougll tllc l)o\ver slwctrulll has ail atltlitioiial lniuiiiluill (the ol~l~v cxtre1ii11ul ill Liucle’s. 
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model [l] for m-llicll .f”( y) = 1). Different paramctcr choices gi\-e power spectra w-it11 

differcut fenturcs. The roots of f”(g) = 0 are 

!I = Yu.6 = 33 - 2- [-a F $xq. (2.5) 

Since .f”‘(go.b) = i’zJ=. for a’-’ > 33. y, and y,, are the masimum and nlinilnum 

of f’(y) respectively. a2 = 33 gi\*es the inflection point of f’(y). For a2 > 3.3. there 

are thee cases: (i) 3 < 0. ya > 0. y/b < 0. but the conditions for o = 0 being: the 0111~ 

cstrcu1um of I ‘( 0. o) arc not satisfied: (ii) 3 > 0 and a > 0, y(, < y6 < 0: (iii) .3 > 0 aud 

(I < 0. yb > gC1 > 0. If (.I’) < 33 or cI = .3 = 0 (which corresponds to Liiide’s nlodcl of 

llTl,ritl iuflatioii). f”(y) = 0 has no roots: this and case (ii) of a2 > 33 closel!* resenlble 

Lincle’s model. which we w-ill not discuss here. 

11-e are intere&cd iii case (iii) of a2 > 3.3. for which 

.3 > 0. a < 0: 33 < a’ < 43. 

01 

-4 > 0. B < 0; 3.-lC < B" < 4s4C. 

in terms of the constants .A, B. and C from Eq.( 1.3). 

III. The equations of motion 

Scttiug 0 = 0. the quations of iiiotion are 

H2q [\-(o)+;]. 

o+ 3Hd = -V(O). 

~-here ‘I-(o) = 1 -(O. o) (SW Eq.(2.3)). Inflation occws if H’ > 4zGd”. 

Let ~1s clefiue dimcusioulcss \xial,les 

i -Hut - (3.2) 

(2.6) 

(2.7) 

(3.1) 
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W~~C~YJ H;r’ s 8;;C;I b/3. The cquatious of motion cam be lvritteu as 

1 Cl!/ 2 
H’=l+bj.(y)+~ dr . 

( ) 
d”!J - cly 
dr’ + 3 Hz = -hf’(Y). (3.3) 

n-here y E o/o0 wit11 oO = ,/3/(8;;) .\I,,. The don--roll conditions [8] are 

lJ f’(!/l) 
c’ = & 1 +.bf(y) a l1 [ 1 1 W(Y) “‘rr 1+6f(y) * [ 1 Ic’21 < 1. (3.4) 

\\‘hi both conditions are satisfied. we 11a~~c 

77’ 2L 1 + b,f(y). 
-4llJ 

3 H7y 2 -6 f’(Y). 

The number of c-folds frmu the lxginuiug of inflation is 

S(y) E 
/ 

T ILIT 2 5 J y’ dy 1 + U(Y) 

= 3”[;lgd $L lYg (l$] . 

After siliiplc iiitcgration 11~2 find 

S(y) = 3 
[ 0 
;111 E + ~p(y:y,.Li.3) +v(y:y,.b3) . 

Y 1 

(3.5) 

(3.6) 

(3.7) 

p(y: 9,.Cl. .3) E ; 111 
( 

1 + ag + .3y’ 
1 + cl!/, + .3./,/p ) - J-4= 

a [mall (p&) 

--arctall (;$$)I. 

v( y: y, . Cl. .3 ) F (h;3J’) [3.x% + !/I + al] + y$ I/(!/: y,. (I ) 

+(a?-4.3) lll 1 +ag+.jl!l’- 
1’2.3’ ( ) 1+c,y,+.3y;l * (3.8) 



-At o _< oc G -\I/g. the please transition with symmetry breaking occurs. The mini- 

11111111 of the g field cllallgcs to 

G”(O) = 
J 

.\I’( 0) - x * with M’(o) E g2(oZ - 02). (3.9) 

Tile cffertive miss of 0 at u = 00 is m;5(~7~) = 8’1 *(a”. 0)/h” = 2-\P(o). \\hw 0 drops 

l~clon~ 0,. 0 rolls don-n to gU with A w H-l if m~(~7~) >> H’. If the don--roll coliditiotls 

are satisfied. this gi\*cs 

c, -. 3 !I: 11 + U(!/c)l” 
0 s U’( !A- 1 

< 4 
9” ’ 

(3.10) 

n.llere gC G 0,/o” = JSr/( 39’)) (-U/-Up). u oscillates around 00(d) and loses energ- due 

to tllc eslmision of tlic Universe. u caiiiiot simply relax. hecause 1 ‘(a. 0) 1m.s a lion- 

zero slope in the o .directiotl at u = UO(Q). o rolls clown to o = 0 within At w He1 if 

i?l -(a. o)/i30* >> H’ near o = oC. which caii be written as 

c’/ << 1. (3.11) 

T11v relocating ill OIII’ model cw proccctl \?a the stmtlad m.ay of coherent oscillatiotls [S]. 

Tlic aiilplit lltlc of dciisit,y pert urbat ioiis produced during iiiflat ion is [9] 

6/J 11011 C,, H’ =. [l + (2; - 1)c + -jb] 1 RII=k 2iio RII=k (3.12) 

I\-hcrc c,, = -G/3. --l/3 dcpeiitliiig on n-hen the cleilsity perturbations re-enter t lie liori- 

zon (tluritig niattel-doinillatecl or racli~tioli-donlil!atc(l era). R is the scale factor. k is 

the wa~*wu~nl~~. -; = 2 - III 2 - -,I cv 0.729G with ;’ dellotiug Euler’s constant. aud 

ii 
If G -H’ 2 3c;. 6 E -z 2 -3( 

Ho 
‘1 . (3.13) 

where we llavc used tllc slow-roll conditions ill rclatitlg 6 mcl 6 to cl ant1 c’. Eq.(3.12) is a 

second order cslmssioll for tlic ulil~roccssctl powc~~ spcctruiii. nit11 c aid c1 cllarncterizilig 

c.orrclctions to the 11bual first o&r cq)wssioll (6 = 6 = 0). Ref,[lO] ~llo~~~ that tllcsc 
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corrcctiolls nla~. 1~ important in relntillg spectral indices to tensor and scalar amplitudes 

iii hflatioii. 

In temis of our diiiieiisioliless paraiiieters. 

q:,;L, = po pj. = PO (Q +t2-, - l~~+71;l. (3.11) 

PO E 3lGkl 

( ) 4;;fi 9,‘. 
w~gl~l>- sets the aiiiplit ucle of density fluctuations. n-liile 

(3.15) 

( ) 
6P _ -? hr H 
-7 0 - 3121 - 

(1 + kf(!/)l”“l - F(y) 
kfw (3X) 

deteriiiines the shape of the power spectrum. 

There are four inclelmldent paranleters in our model, (.\I, 7~1, a, ;3) or (gC. 6. a. 3). 

Fit t iug two physical olxervat ions. the minimum amount of inflation allcl the anisot rap>- 

011 laqy scales from COBE D1lR observations. we arc left wit11 two free parameters (see 

sec.\-). It tL iiiis out most coiivenient for us to choose gC and 6 to be the free parameters. 

IV. Power spectrum shape function F(y) 

The function F( 9) detemines the shape of the raw- power spectrum. To study the roots 

of F’(y) = 0 analytically, let us define 

.I’ E a- .I/. 6 6” E 7. 
I\ 

a,+. 3 .3() E 7. 
I\ (-1.1) 

\\‘P caii \vritc 

f(y) = y. 
.” 

w( .r) E $ + y .g + f *r1. 

JrT’ 
J-(Y) = L 

( 1 
II-( I). W(.r) E 

[ 1 + b(J w( Ay”1 
U”( .I.) . 

(4.2) 



Siircc F’(g) = IIv’(.t~)/6,j. tllc 1’00tS of F’(y) = 0 ?I re related to the roots of II,-‘(s) = 0 as 

fOllO\VS 

Y1.2.3 = .~1.2.3/~~ (4.3) 

11-e can clloosc I\’ such that one of the roots (x,,b) of u*“(s) = 0 is 1. This gives us a 

n~lat ioii lwtn.c~cn cl0 alId Ju: 

330 + 2clo + 1 = 0. (4.4) 

Let 11s clloosc .rL = 1. i.e.. \vc scale the o field wit11 its \*alue at the minimunl of (I,‘( .r). 

This gives us (see Sec.11) 

i.e.. 

1; = [Ial - Jiq = (&-)‘. 

where we ha\-c defined 1 G ~0 + 2. Hence 

.3=$ [l-(g)*]. 

Sow we have 

O<A<l. ; < 30 < 1. 

(4.5) 

(4.6) 

for .rn = 
1 

3-2A’ 
.1’(, = 1. (4.7) 

where the upper I,ound 011 A comes ahout because .rU < .t~. and we haye chosen .~b = 1. 

1 = 0 corrcspol1tl.5 to the iliflcrtioll point of w(r). and 1 = 1 tlie iiiflection point of 

w’( .I.). I\-( .r) is clctwllimxl 1)~. A and 6,~. Fig.1 shows w(x) = I\’ .f( g) for 1 = 0.1 alit1 

0.Z. Fig.2 sho~vs the corrcspolhlg II- = (6/fi)F(y) for 6” = 0.1. 1. and 10, 

\\h have chosen 1 -(o) = 1 h[ 1 + bow( A.)] t 0 iiicwasc nlonotot~ically lvitli 0. i.e.. u*( .I’) 

hicreases with .r. Silica l/w’( .I,) has a il~illinlum at .i-,, = l/( 3 - 21) alit1 a 111asillllllll at 
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.I.~ = 1. n-c cspcct 11*(.x.) to lla\*c a miiiiinum at 0 < .rl s .r,,. a nmsiniuiii at x.2 2 xb, and 

ii secoiitl niiiliiiililii at .r:j > .I’?. .Yote that 

Ii” = 
[l + 6(-$~~(.2~)]“” 

2[ I(“( x)] 
{36&‘(x)]’ - 2U”‘(.r)[l + Dou$r)]} : 

. . 
W) 

W’(x) = 
[l + b()u’(.r)y 

[ w’( .r )]’ 1 2b&r’(.r)d’(.r) - 2uJ3’( x)[l + bow(.r)]} , 

at II-‘(s) = 0. 

II -‘(.I.) = 0 can he sol\-eel iiunlcrically for given 1 ant1 60. Fig.3 sho~vs the three roots 

.rl < .I“ < .r3 as functiow5 of 60 for 1 = 0.1. 0.5. and 0.9. 

To uiicle~staiicl the lxh~~ior of x1.2.3( 6,) qualitatively*. let us sol\-e \+*‘(.I~) = 0 in \*arious 

liiiiits. II”(x) = 0 can be written as 36o[~‘(.r)]~ - 2u*“(.r)[l + bow(r)] = 0, 01 

12(1+2a~x+33~.r’) = 6().r2[93;x4 + 18 oo! 3 ox3 + 5(2ai + 3&0)x + 20ao.r + 12].(4.9) 

For 60 > 1. .rl << 1. \\e can drop all escept the last term on the right hand side of 

Eq.( 4.9). which gives 

J b,+(l-A)‘+&-2 
.l’l 2 

4l - 3-t-21 ’ 
60 > 1. (4.10) 

For b0 << 1. UT can drop all the terms on the right had side of Eq.(4.9), wl~icll gives 

1 
1’1 2 = 3 2~ X‘,, .I’2 2 1. 60 < 1. (4.11) _ 

Let .rz = 1 + r with I‘ < 1. we can expand all terms in Eq.(4.9) to second older in I*. 11-e 

filld 

.rp 2: 1 + 
26” [ l.fiTTF - l] Gb”[b(J + 4(3 - 2-l)] 

.A$’ + 6”( 1 + U)]( 1 - A)’ .u’ - [12 + ,3,( 1 + 21)]2( 1 _ A)” (-1’12) 

Eq(4.12) . 1 1 1’ n ) I ICS quite wll for all 60, with S not far from the hflection point 1 = 0 

(say. 0 < 1 5 0.3). 
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11-‘(x) = 0 caii be written as 

(.I. - 1) { 12[.r(3 - 2J.) - l] - b0.r2[;(.r) - ‘Z.r(G.r’ - 15.1. + lo)-1 - 4.?(.7’ - 2)1’]} 

= 26”X” (2x - 3)‘_1’, (4.13) 

m+llcre -,( .r ) - 9x3 - 27x”+ 2S.r - 12. For 60 - x and _1 = 0. the abo\*e equation hecomes 

(1. - l):(x) = 0. (4.14) 

lvllicll llas the exact solution .r = 1 aucl .r = .r. E 1.5447884 (G]. To order 1. thr> scconcl 

iliiiiimliiii of I1 -( .r ) is 

.1.-J 2. .r. 1 + 
i 

‘L(G.r’r - 15.r. + lop 
2i.r: - 54x. + 28 

] x(l+f). 

For 6” large and to order 1, 

.A 5.25 - 2.X5 
I+ bo(4 + 2.315A) - 6.i + 2.iG-l 1 ’ 

bO- x. (4.15) 

60 >> 1. (4.1G) 

F0r.6~ < 1. .r3 > 1. Keeping the highest powr in .r terms from each sicle in Eq.(4.9). 

\vc filld 

.1’3 z [b,l312~9]““’ 60 < 1. (4.1’;) 

V. Sufficient inflation and normalization to COBE 

The minin~un~ amount of inflat ion requirecl to solve the slnootlwess prolAem is [s] 

-\-I,,,,, = G0.G + f 111 !jr + Ill F( j,, ) + ; 111 ( loi’;e\-) (5.1) 

q, ~iicl yC arc tlic s~&cl 0 field at the l>egiiiiling aid eilcl of iiiflatioii rfqxcti~*cl~v. Tilll is 

the reheating temperature. 

During id%~t ioil. the conloving scale X which crosses out side the horizon wllen o = 900 

is gi\.ea l>Jv 

111 
x 

( ) Ir’llpc 
= s - S(y) A- ( .Yt,, - .\- 1,111, ). (3.2) 
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n-here -Y(y) is the i~uiiilx~ of e-folds of espansioii since t I& beginuiug of iiiflatiou. aud 

.\;,, dcnotes the total ainouut of iiiflation. 

11-e can clioose 9; > $3, or y.2 > g, > 91, such that a valley appears in the po\ver 

spectrum at an interesting scale. -At. the end of inflation 

S(y,:6.(1.3) = -Ylol. 

For gii-eu ((1. .3) aucl .I*,,, . this gives j/C in term of 6. 

The processed power spectrum is 

P(k.to) = & [ud]” [ ($J T’(k)k. 

T(k) is the trausfcr function. For cold dalk matter, n-e use [ll] 

WI) = 
ln( 1 + 2.34q) 

2.34q 
[l + 3.89q + (lG.lq)’ + (5.1Gq)3 + (G.i2~~)4]-1’4, 

(5.3) 

(5.4) 

(5.2) 

\vl~crc q E k/(Ool~‘1fpc-‘). 11-e take 90 = 1, If = 0.5, the standard CD11 model. 

Cosmic anisot rely’ produces an excess variailce a&, in the AT maps produced 11~ 

the Diffewutial .\licro\\x\.c Radiometer (DAlR) on COBE that is o\-er and above the 

iilstruiueiit uoise. -After siiiootliiug to an effectiI*e resolution of 10”. this escess, c7+( loo). 

provides an estiiiiate for the amplitude of the priiiiordial density pertuhation pov-el 

spectrum \vitll a cosmic uncertaiut?; of o111>* 12% [il. F o 11 owing the notation of Ref.[l2]. 

n-e write 

21 + 1 
o~(10”) = c - 

(22 -177 
(I~,,,,,l’L) es+I(1 + 1)8;;‘]. (3.G) 

\\~llClT Of, = 0. 12.5 P,,, I,.\, = 1.2-I’ i.. the CilUSSi~lll iIllalC correspohdiug t0 tile auteiina 

heaiii and acltlitioi~i~l sincaring of the raw data. a=( 10’) is directly wlatcd to the ~OIVCI 

spectrum P(X). For the allisotropy in the cosnk micron-ax-e 1,acl;grountl radiation 011 

large angular scales. the Sxh-\\olfv cffcct domhatcs. For aclialmtic i)crtul.l,atious 

(1~h,12) = 2 JX (IX, A,-‘P( A,) ,j~‘(L.r,,~ ). 
IJ 

(.j.T) 
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n.llerc j, is a spherical Bessel function and r,,, ‘11 2H{l is our coino\ing distance from 

the surface of recoml~iimtion. 

Based on the latest results of COBE DIIR [T). we take c7~( 10”) = (1.23fO.2) x lo-” 

[ 131. For gi\w (c\. .3). this cnaldcs us to normalize the power spectrum P(k). t llus 

clcteriiiillc 1). 

Let US t&c 1 = 0.1 to study the properties of our n~odel. Fig.4 shows the nu~nlxr of 

e-folds -j’(g) since the heginning of inflation. for (i) 0 = -2, y, = y2 - 0.2: (ii) Q = -2. 

9, = y3 + 5: (iii) a = -0.8. yi = ye + 5. The o field rolls slowly if it starts in the not too 

steep regioli of the potential. i.e.. hctnmn the first and second miiiiniuiil of the pony1 

spectrum shape function F(g). yl < !/, z o,/oo < ys (see Fig.2). For large oi (9, > g3). 

0 rolls iiiore slowly- ill the ~\sti~opll~.sicall~ rclevaiit region (-Y( 9) 5 20) for smaller ICI/. 

Sdicieiit inflation can be ol>tainccl for initial values of 9 z o/Q0 greater thaiI the first 

nlinimum 91 of the power spectrum shape function F(y) (see Fig.2). 

Fig.5 shows (C;p/p). = Pc’(cip/p)iloll (see Eq.(3.14)) corresponding to the parameter 

choices of Fig-l, to’ tlw first (dash line) and second order (solid line) in slow roll appros- 

iiniktioil. The deviation of the first ortlcr curve from the sccontl order curve increases <as 

0 1x311s fi\stcr. 

Fig.G gives four esamples of t.he ponw spcctruln P(k) n-it11 A = 0.1. For Q = -2. 

91 = y-, - 0.2 (sllort ddi line), jj.2 + 0.1 (clot line). and 93 + 5 (long tlasl~ line) respectivel!.. 

For CI = -0.8. 9; = !/3 + 5 (dot - long clash line). The solid line is CD14 wit11 II = 1. \\e 

have Used the sccolld 0dcr f0lxlllla for 6/7/p iii calculating p(k). If 0 starts 11~ rollillg 

over the pCali in tllc l)O\\cr sl~ectrlllll Shape function F(y). our model gives somen-hat 

more I)o\~T~ 011 ~lllall scales th;ul the stallclartl CD11 Ivitll 11 = 1. If 0 starts I>!* l.ollillg 

clo~vn one of the \~lleys in the pon’er spectrum shape function F(y). our Illode gi\.es less 

pan-er 011 slnall SCAMS tllau the stmdard CD.\1 with II = 1. 0 rollillg clo~-ll tile steeper 

~alle!* in F(y) at 9 > g:j lc;\tls to lnorc chmatic reduction of power on small scales. FOI 
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mi\*en _1 aucl (g, - g:i) > 0. larger [al seems to lead to less power on small scales. But 
0 

t lie slow-roll conditions (see Eq.(3.4)) may heal; down near g = g:g. hence it may not 

be appropriate to use Eq.(3.12) in the calculation of 6/~/p. For ICI/ 2 10 (with 2, = 0.1 
* 

and jj, = g.] + 3). the slow--roll parameter cp > 1 near 9 = ~3. The proper mapping of 

t lie entire allowed parameter range and the discussion of the tensor contribution to the 

C\IBR anisotropy will he presented elsewhere [l-1]. 

The u vacuunl scale -11 and the o mass m can be espressed as 

-11 39’ 

d- .\lp = s;; J/c-. 
TL=/%(X,?. 
.\I,, 

(5.8) 

For 2, = 0.1 and CI = -2. .\I w lOI Gel:. ~1 - 1013 Ge\‘. For gi\*en Q and (g, - yil) > 0. 

P(k) is not sensiti\.e to A: he scales .!I and 1~ \ary less than an order of lllagnitude as 

we change 2, from 0.1 t,o 0.9 (recall that 0 < A < 1). Larger Ial seems to lead to snlallel 

.\I and ttt (.\I 5 10’” Ge\,-. 111 5 10” Gel?). \?:e have take11 the din~ensiouless coupling 

constants X and I, to be of order 1. 

Let us uo\v examine the conditions for successful lq*lxid inflation. For inflation to 

occur. we want u to roll down to u = 0 initially while 0 remains large. which requires 

.-I < y’/3 (see Scc.11). This call he expressed as 

.\Ip a<<y - ( > 171 . (5.9) 

The above condition is always satisfied since i\lp >> I)?. The fast-roll conditions Eqs.(3.10) 

and (3.11) are autonlatically satisfied, because yc < 1 in our model. T\*pically c/ s 10-j. 

This meam that l,otll 0 aud o roll down t.o their true vacuw~ states almost instantly at 

the the of tlie phase traiisitioii (0 = or z -\f/g). thus puttiii g an ahupt end to inflation 

(see Sec.111). 

To swn up. the rcquircmcnt of sufficient inflat iou alld nolmalization to COBE give 

u5 t\vo constraints on the four paraiiicters (t. gc, 0. .J) iii our iiioclrl. ((I. .3) roughly- 

dcterminc~ the shape of the u1lprocess~~1 pen-cr spectrum. For ,$x-en ((I. .j). v’c call find 
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(b. 9=/c) or (m. -11) which satisfy the physical constraints. The same choice of parameters 

also guarantees successful hybrid inflation. The typical values of the vacuum scale -\I 

aud the o ~mss 111 are: -\I s 10’” Gel-, 172 5 lOi Ge\y. The dimensionless constants a 

and 3 in the scaled o potential f(g) (see Eq.(2.3)) are usually of order 1. The coast ants 

in the original form of the o potential (see Eq.( 1.2)) are: A - (tn/.\lp)2. B - m2/.\lp. 

C = 17x2: X and g call 1x2 tdiell to he of order 1. 

VI. Remarks 

The nlodcl UY I~a\*c prcswtecl here has a \*er!- simple potential. It involves onI>. one 

extra term, the cubic o self-coupling term. compared to previous theories of its type {I] 

IS]. hlflatioll can cud ahuptly in our model. Sufficient inflation is easily obtahed. The 

pomw spectrum shape function F(y) x (6p/p)110~ 1~~s two valleys and one peal;, while 

the original h~*brid hflation model gives only one valley. 11’hen nornlalizetl to COBE. 

o z yoo starting on a slope in F(g) and going down eiher of the valleys in F(y) (see 

Fig.?) leads to less’ power on snlall scales ( - 11 < l), while 0 starting between the peal; 

and the seco~ld valley- in F(s) (see Fig.2) leads to more power 011 small scales (a II > 1). 

compared to the standard CD11 with 1) = 1. Our model obtains iiit crest iiig power spectra 

quite naturally. 
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Figure Captions 

Fig.1. w(.r) = A-f(y) for _3 = 0.1 and 0.3 (dash line). f(g) is the scaled 0 potential. 

Fig.2.. II’( .r) = (b/fi)F(y) for 1 = 0.1 and 0.5 (dash line), with bo = 0.1. 1. and 

10. F(y) x (C;p/p),lon is the power spectrum shape function. 

Fig.3. The three roots of lI*‘(.r) = 0, x1.2.3 = fiy1.2.3, as functions of bo for 1 = 0.1 

(solid line). 0.5 (dash line) and 0.9 (dot line). Sate that s1 < x2 < .rs for a given 1. 

Fig.4. The llulnl)e~ of e-folds -I-(y) since the Ixginuing of illflatioll wit11 1 = 0.1. fol 

(i) 0 = -2. y, = yz - 0.2: (ii) a = -2. 9, = y3 + j: (iii) Q = -0.8, yi = y3 + ,j. 

Fig.5. (6p/p). \\.ith A = 0.1, to the first (dash line) and second order (solid line) in 

slolv roll approsimatiou. for (i) a = -2. g; = vl - 0.2: (ii) a = -2, yi = g3 + 3: (iii) 

(I = -0.s. t/, = yj + 3. 

Fig.G. Four csanlplcs of the poxver spectrum P(k) with A = 0.1. For u = -2. 

g, = y.2 - 0.2 (short dash liile). g.-, + 0.1 (clot line). and 9.1 + 3 (long da.511 line) respecti\*cl>*. 

For c1 = -0.S. !I, = 93 + 5 (dot-long dash line). The solid line is CD11 with n = 1. 
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